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are discyased.

1. Introduction

There i3 considerable qualitative cvidencs of the
remarkeable thermal and chemieal atability of Huaro-
carbong and many of their derivatives [1].' How-
ever, gquaatitative evalumtion is limited almost en-
tirely to measurements of tha heats of formation of
& lew of the simplest membars of the aliphatic saries
and their derivatives (2, 3, 4]. Lufi [5]) gives esti-
matez of CU—F aod C—C hond-disspciation energies
in & brief review of recently published thermo-
chemical data for & number of eimple organic fluorine
compounds.

Values of the ionization and appesrance potentials
of ions from CF, and some other trifluoromethanes
appear in seattered reports [6, 7, 8, 9], Une attempt
to measure fluorccar hond-dissociation energies
by alactron impact necessitated an indirect mensure
of the jonization potentizl of the CF, radical and
yielded the value, JIOF,)=8.9 ev [10]. This value
cotmbined with observed nppearance potentinle of
the CF:* iong from CF, [5] and C,F, [8] results in the
unexpectedly high walues of 164 and 124 kesl, re-
spectively, for the dissociation encrgies of the first
C—F bond in CF, and the O—C bond in OF,.
Although both values are eonsidered upper bounds,
there iz evidenee [5] that the true CF,—CF; hond-
dissociation energy s “amaller, but not much smaller'’
than 124 keal.

Farmer, Henderson, Lossing, and Marsden [11]
report the successful production of CF; radicals in
the mass spectrometer by meanz of the thermal
decompogition of hexafluoreazomethane, thus per-
mitting a direct mensure of the ionization potantial,
I{CFy)=10.10 £0.05 ev. Although this velue leads
te & heat of formation of the CF; radicel in agree-
ment with that determined by Rabinowvitch and
Read [12], Farmer et al., alasc report. that the appii-
cation of this value to observed appearance potan-
tials of the CFy ions from CTF,Cl, CF,Br, and
CFyl results in wvalues for the CF,—X bond-dis-
sociation eoergics that are evidently too low by &n
amount approaching 1 ev,

| Fipiuret i bioweirods [adinade the Utersdors refvences st the chd of this paper.

The present paper reiports the experimental re-
sultz of & brosd study of the ionization and dissoei-
alion of CF,, CFSCIY CF,Br, and CF,] with the
primary intent of resolving the apparent discrepaucy
between the direct snd indirect measurement of
f{CF;). Dissociation processes for all of the prin-
cipal 1ons of the triftuorohalomethanes are reported,
and the atudy inecludea abservations on negative ions
and ions formed with excess kinetic energy.

2. Experimental Detaila

Appesrance petential dats jor both poaitive and
negative ions were obtained by means of o 180%
masa spectrometer, nsing instrumental arrangements
snd methads of evaluating threshold potentials
previously deseribed in detasl [12]. Reletive abon-
dances of positive ions were measurcd under con-
ventional conditions, wsing 70-v electrons. The
spectrozcopic jonization potential of argon (simul-
taneously introduced with the sample pas) was used
ta calibrate the jonizing voltage scale for positive
ions. The appearance potential of the O~ ion of
0 was messured a8 a check on the voltage =eale
for negative lons, The smell correction required
to make the observed asppesrance pofential (0.8
+0.2 v) conform with that reported by Hagstrum
{9.6 0.2 v) [14] was assumed constant over the
entire voltege scale. An approximste correction
wae made for the differance in the efficiency of
collecting positive and nepative 10ns, using the
method omployed by Marriott and Craggs [3].
The O~ jOF ratio messured with 35-r electrons indi-
caled & negative-ion collection effictency for the
present instrument of about 31 pereent comparcd
with 50 percent reporied by Mamwott and Craggs.

A preliminsry eearch wae made for poeitive 1ons
formed with excess kinetic ensrgy by recording the
mass spectrum with & low ion-aceelerating potential
[13]. Kinetic energy of negative jons was not
mwvestipated. A more detailed study was mede,
using tha beam-deflection method described by
Barry [15]. In the latier method, deflecting elec-
irodea mounted in the snelyzer region are used to
move the 1on beam par te the length of the
eollector slit. By proper shortening of the length of
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the slits at the eniranee and exit to the analyzer
region, and by adjustment of the deflecting aloctrode
potentisls, amall portions of the origmal ion beain are
recorded, and a plot of the ion current versys Jeflact-
ing volt shows the shape of one component of
ihe initial velocity distribution of the ions. Berry
finds that the relation between the velocity scals and
waripua other factors is given by

Lr=AP (efmVFy,

where A is a constant that is cheracteristic of the
instroment, F iz the deflecting potential in volts,
¢ is the particle charge in elecirostatic units, m s the
particle mass in grams, and V is the ion-acceleratin
tential in volts,  Iho constant 4 is best svalunte
Eo empirical means, and the Mexwellian disiributions
obtained for the molesule ions of CO, CF.Br, and
CFil were used for this purpo=s.  As A varied some-
what with the ion-eccelerating potential {probebly
for ressons sugpested by Berry) all messurements of
kinetic-enerpy distributions were mads at the same
ion-aconlerating voltage of 1,000 v, .

The trifluoromethyl chloride, bromide, and
iodide were made from the eilver salt of trifluoro-
acetic acid and the sppropriste halogen [1]. Quan-
tities sufficient for mass spectrometnic studics wore
eagily made in sealed tubes containing s slicht excess
of Lhe siver trifluoroacetate. Simple tillation
through KOH pellets was sufhicient te separate the
desired producta. The CF, was abtained from the
Minnesota Mining & Manofacturing Co.  No fluora-
carbon impurities wera datected in any of the =amples,
and it is estimated that they are less than 0.1 mole

percant.
3. Results
3.1. Determination of Appedarance Polantials

Figure 1 shows three daterminations of the initial

ortions of ionization-effiviensy curves for the CF;}
ion of CF;Br and the A* jon of the calibration gas,
argon, plotted on a semilog seale with the electron-
energy scale shifted to permit displey of the three
sets of data.  As these curves are very nesily straight
and parallel, the voltage interval between the '+
ion eurve snd the pssociated ealibration curve ia sub-
tracted from the speciroscopic tonization potentizl
of arpon (15,78 cv‘E;'lﬂ] to obtain the appesrance
potential of the 7 lon. Similer eurves wers
ohtained for the CFf ions of the ather trifluore-
methyl halides and for the molecule iony of CF,Be
and CF,I.  lonization-efficiency curves for other
positive fragment jons showed considerable demi-
ation from straight lines and perallelism with respect
to the calibration eurve, To these caszes, the voltage
interval ja measgred &t 2 point on the curves cxtrapo-
lated to an ion current equal to a tenth of a aeale
divizgion on the resord. is resulta in & larger un-
certainty in the cvaluation of the respective appear-
ance potentinls.

The ionization-efficiency eurves of the negative
ione are illustrated in Ggure 2, which shows the curves
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for Br- and F- 1ons From CFyBr. From the hagher
sensitivity data, the Br— ion is apperently formed by
a diggoeiative atinchment process with an appearence
potential very nesr to zere volts. There is oo evi-
dence for other dizsociative ionization processes for
energies up to 100 v, MHickem and Fox [17] have
shown that for monoenergetic electrons, attachment
processes occur over a very narrow range (Tess than
0.1 v) of electron enargies, Therefore, the width of
the peaks shown in figure 2 iz probebly the result of
energy spread in the electron beam. Alinesrity in
the amphfier oceura near the top of the high-sensitiv-
ity poak and rcaults in the flat appearance,

Tha F~ ion ia formed both by disaociative attach-
tnent and by an ion-peir process. There i& some
cvidence for at lesat one other atlachment process
of very low probability. The appcarance potential
of the ion-pair process is ralativaly simpla to evalu-
ate, However, that of the attachment process i=
subject to somewhat greater uncertainty becausc of
the probsble change in colibration of the energy
secale within the first few volta. I ions are formed
by dissociative attachment alone i the CF, and
CF.Cl compounds, They are formed both by attneh-
ment and by an ien peir process in the bromide and
1dide mmcipounds. The other halogen negative ions
are formed by atlachment only, A CF; ion (hy
attachment) is ohserved in OF..

3.2, Maasuremant of Kinetic Energy

QObservetion: on jons Tormed with excess kinetic
energy were made for all of the irifluoromcthyl
halidea by measuring the distribution of jon current
in & direction parallal to the exit alit length. Figare 3
illustratez the ion-eurrent distribution curvea ob-

tained for the molecule jons of OF,Br and OF,I and-

the CF} and CF? ioms of all of the trifnoromethyl
compountids plotted on a amall scale o cooserve
space, The nbscissus mre calibrated directly in
glectron volts of kinetic energy, nnd the ordinates
are arbitrary units of ion current. Larger-scals plots
including maore experitmental points are used for the
guantitative estimates of the kinetic energy.

As expected, the molecule ions show a narrow die-
tribution about the origin, with a very sh maxi-
muint at the approximate geometrical and clectrical
venter of n croes section of the jon beam. The CF}
ivns of the chloride, bromide, and iodide molecules
dis(i:l&_].r similar distribetions, althougl somewhat
wider at the base, Few, if wny, of these jons are
formed with excess kinetic energy. The CFF ion
of C'F,, however, exhibils definite maxima on either
gide of the beam center, mdicating that most of these
ionz arc formed with about 0.1-ev excess kinetic
energy but that the distribution in this range is again

YEry Narrow,

E?he CFs ions show definitc breaks end con-
siderable broadening at the hase. From CF, to
CF,IL, tha break appears st inereasing valoes of the
kinetic energy 22 would follow from the conservation
of momentum, assuming nearly equal! total kinetie
energy in each case. The EFBXy'" energy-distribution
curved {not shown in the figure} are quite similar to
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the molecule-ion curvea and give no indication of
excess kinetin eny . Al other fr ni-10n curves,
however, exhibit broad distributions or definite
breaka.

Table 1 summarizes the complete experimenta)
data obtained for the trifluoromethyl halides. Col-
umn 1 liata the iona observad. Column 2 gives the
abundences of positive ions relative 0 the most
abundant posrive ion for T0-v elecirons. The
abundances of the negative jons are measured at
maximum abundance and are corrected for the
obscrved difference in the efficiency of collecting
positive and negative ionz. Column 3 pgives the
mean of at lenst threa measurementa of the sppear-
ance potential of each itive jon with the uncer-
tainty estimated from the experimental dats,

4, Discussion
4.1. Molecular Ionization Potentiols

Spectroscopic lonizalion potentials of the triflvors-
mathyl halides have not been published. A previous
measurement of the CF,C1 molecule by eleciron
impact iz quoled in colomn 5 of table 1. The agree-
ment is just within the total sstimated uncertaintiss
and ie satisfactory, considering the low relative
ahundance of this ion. No breaks in the ionization-
efficieney curves mrr&gp-ondingltu the *E,y and 2E,,
spin orbital eomponents of the parcnt-lon ground
atates were observed. This ie not swprising, how-
ever, a3 detaction of doublets in methy] bromide and
isdide by electron impact apparently requires the
use of nearly moncenergetic cleciron beama [18].
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TrnLe 1. Summary of relodine-ghundance, appearance-poteniial, and kinelic-energy meaguremands for the doifvoromethyl halider
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A molecule ion 18 not observed in CF,. It is
estimated that the relative abundance for 70—
eloctrons iz Jess than (.01 percent of the CF} ion.

4.2, Jonization Potential of the CF; Radical

Column 3 of table 1 gives appearance potentials
of OF, radicals of the four molecules, and column 5
includes comparizon values from published research
for threc of the molecules, In several cases thera
gre discrepancies sl.i,ghkgr greater than the catimated
experimental ervors. Ezxcept in the ease of CF,
these ions have no excess kinetic energy. An ob-
served kinetic coergy of roughly 0.1 ev for U of
CF, would indieaie a total kinetic energy of about
0.5 ev for the two frapments.

Direet thermochemical measurements of the COF,—
Br and the CF;—C1 bond-dissociation energies have
been reporied. Sehon and Szware [19], using the
“{oluene-carrier” techniguoe, find 84.5 keal (2.20 ev)
for D(CFy—DBr), snd Robinovitch and Reed [12]
report 79.5 keal (3.45 evy for DHCF—CI) from
apdium diffusion fiame cxperiments. As the CFp
iens of CF;Br and CF,Cl are formed with therimal
anergies oniy, subtracting the CFy—X bond-dis-
sociation energies from the appearsnce potentiala of
the respsctive CFJ ions yields 94102 ev and 9.2
£0.2 ey for the jonization potential of the CF,
radical. An average value of J{CF;)=03L02 ev
is obtamed from these two compounds,

This iz intermediate heiween tha two conflicting
values of 8.9 av [10] snd 10.1 ev [11] referred to in
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the intreduction. The value of 9.3 ev could be
reconciled with the measured appearance potentiels
of CF{ and CHf of methyl dueroiorm [10] if a
total kinetic energy of 0.4 ev 1 associated with either
ionization process, An experiment using the heam-
deflection mothod gave no evidence of excess kinetic
energy of either ton at low ionizing volteges®* How-
ever, the possibility of vibrational excitation in the
CH ion production should not be neglectad. This
migilt- result from dissocintion from the first excited
state of the molseuls jon corresponding to ionization
from an orbital localized on the CH, group.

Becent estimatea of the dissociation ener
DCF,—F) range from 116 keal [12] to 195 keal [21].
Luft [5], on comsideration of recently publizhed
enthalpies of formation and other thermochemicsl
data, derives 1 value of 138 14 keal. Caleulation
of this bond energy from the appearance potential
of CF} from OF,, 16.0 ev, usitg 0.3 av for the ion-
ization potential of CF, and 0.5 ev {for the kinetic
energy of the products gives 6.2 +0.2 ev or 143 15
kenl, in good agreement with Lufl’s value.

The appearance potentinl of CF{ from hexa-
fluorgethanc is 14.3 ev {10].  Using Li’]ﬁ sbove value
of I{CFy) gives a value of D{CF;,—CF)=50 +0.2
ev, or 115 =5 keal This agein is in good BE-
ment with Luft's estimated walue of 107 +8 keal
for this bond en [5].

There are no direct measuprements of JCF,—I7.
The appesrance potential of CFf from CF,I, 11.4
ev, and tho velua 8.3 ev for J{UF;} gives D(éF;—I}
equal to 2.1 £0.2 av, or 485 +5 keal.  The differ-
ences in the bond energies, DICH,—CD)—DCF,—
CD=17 keal and D{CH,—Br)—(FsBr)—3
keal suggest that the differsnce in the walucs
DICH—I}—P{CF—I} will be 4 or 5 keal. The
bond energy IHCH,—1) is 55 keal [22]. Thus the
expected value for IMCF,—I} ja about 50 lkeal
The agreement is again very satisfactory.

Tt iz concluded that a valve of 9,3 £3.2 ev for the
ionization potentisl of CF; leads to consistent vaines
for bond-dissociation enargies of all four trifluoro-
methy! halides, as weil ag for the C—C bond of
perfluoroethane, and the only outstanding discrep-
ancy is the above noted case of the bond of
methy] fluoroform.

4.2, Formation of Alom Jons

Combining the heat of formation™of CF, (—220.4
keal) [4], the dissociation energ{ of F; (38 keal) [23]
and the sublimation encrgy of carbon (170 keal)
%'lves —466 keal (2002 av) as the energy required
or the reaction

CF—C{g)+4F. (1)

Adding tha ionization potentials [18] of earbon
{11.26 ev) or of fluorine (1742 ev) gives 31.5 and
37.6 ev for the energies reguired to form C* and F*
ions, respectively.
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Table 2 lists some chearved appearance potentialg
from table 1 and ionization Tﬂutantisls complited
from thermochemical data., e observed appear-
ance potentiala for both CF and F* of CF, can be
aacribed to a process invelving complets atomization
of tha molecule. The heat of atomization of CF,CI
it alao known and the appearance potentisl of O is
again consistent with a procesa involving complete
astomization. The np&eamme J)otent' s for the
halogen iona sre less than would be required for a
process involving complete atomization. Table 2
lists processea that are consistent with the observed
a})pearanm potentials. The computed thresholds
of colvmn 4 mmelude an estimate of D(C—F) =50 ev
derived from the CF band spectrum [24], and the
upper bound to D{CF,—F}=5.0 ev estimated by

abinoviteh and Reed [12]. These valires nnd the
above computed ID{CF,—F}=6.2 ev subiracted
from the heat of atomization of CF, (20.2 ev) gives
an estimate of the lower limit of the bond-diszociation
cnergy D(CF—F)=4 &v, or 92 keal.

Hants of formation of CF,Br and CF,I have not
been published, but the mugnitudes of the appearance
potentials of CF for these molecules indicate that
completa atomizetion must be involved and l}m’
aumehly the products hava high kinctic energy, The
halogen ions from CF,Br appear at lowar voltages
and the interpretation i= speculative. Produetion
of F+ from CF,;I may involve complete atomization
of the compound, but I* and Br seem to come from
1won-pair formation processes.

4.4 Negative [ons

Two negative jons formed by dissociative attach-
ment are observed in the mass spectrum of CF,.
The appcearance potential of about 4.5 ev for F-
added to the eleetron affinity of fluorine 3.8 ev, [26]
%ives an enerey of 8.1 ov available for dissociation.

he above vaﬁ:& of D(CF—F)=6.2 ev leaves 1.% av
CRCOSS  emeT, Presumably 8 similar process is
involved in the formation of CFy, but in thiz case
the electron affinity is vnknowmn.
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In table 2, formation of F- by atfachment is
tentatively ascribed to tho same process in all the
COmpoun In the chlorida, bromide, and iodide
the appearance potential is the same within experi-
mental error, and this suggests that the same
mechanisio ig involved. In all thres cases there is a
large pxcess energy of about 2.8 ev.

Simple dissociative eiectron attachinent ecan also
account for production of (1=, Br, and I~ at 0 volta.
In esch case the electron affinity [25) 13 slightly
greater than the hond-dissociation energy, and some
excess encrgy is involved. In CFiCl thera is & second
attachment proceze for 1~ at 4.7 ev, and this is
ascribed to dissociation of F and Cl- from tha
molecule. This is in agreement with the upper
bound, IHCF,—F}=5.0 ev estimated by Rabino-
vitch snd Reed [12].

In CF,Cl, F- is formed by an ion-pair process at
20 ev. There are two positive jon processcs that
fall near this, and the explanation of the ion pair
process is un{:»ert&m In CFBr and CF,I the 1on-
pair reeess BrCms to be formation of Brt or It
and K-, and the obeervad appearanee potentiala are
consistent with the computed thresholda.

5. Summary

The sppearance potentials of CF;* can be sceur-
ately accounted for by assuming that the jonization
potential of CF; is 9.3 av. The appearance poten-
tiale of most of the positive and negative ions wre
teptatively ascribed to processes listed in column 3
of table 2. In genersl, thera is oxcess kinetic cnergy
aszocipted with formation of atom ions and this
combined with the experimentnl errors leaves a
margin of uncertainty in identifying the jonization
processes, Although data for computing the thresh-
olde for appesrance of C* and F+ from the bromide
and iodide are not avedable, it is safe to predict
they are below the observed appearance potentials
for the processca postulated. There iz no basis
for computing appearsnce potentiele of polvatomic
frapment ions other than CF, hecausa the ionization
potentials of these fragments are unknown.

The authors are indebted to C. K. Berry of Con-
aolidated Electrodynamics Corp. for detailed dis-
cussion  and am%inal experimental data on the
measurement of kinetic energies using the beam-
deflection technigque, and to Momis Krauss for
helpful diseuseions.
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